The properties of the host galaxies of a well-defined sample of 2215 radio-loud AGN with redshifts 0.03 < z < 0.3, defined from the Sloan Digital Sky Survey (SDSS), are investigated. These are predominantly low radio luminosity sources, with 1.4 GHz luminosities in the range 10 23 to 10 25 W Hz −1 . The fraction of galaxies that host radio-loud AGN with L 1.4GHz > 10 23 W Hz −1 is a strong function of stellar mass, rising from nearly zero below a stellar mass of 10 10 M ⊙ to more than 30% at stellar masses of 5 × 10 11 M ⊙ . In contrast to the integrated [OIII] luminosity density from emission line AGN, which is mainly produced by black holes with masses below 10 8 M ⊙ , the integrated radio luminosity density comes from the most massive black holes in the Universe. The integral radio luminosity function is derived in six ranges of stellar and black hole mass. Its shape is very similar in all of these ranges and can be well fitted by a broken power-law. Its normalisation varies strongly with mass, as M 2.5 * or M 1.6 BH ; this scaling only begins to break down when the predicted radio-loud fraction exceeds 20-30%. There is no correlation between radio and emission line luminosities for the radio-loud AGN in the sample and the probability that a galaxy of given mass is radioloud is independent of whether it is optically classified as an AGN. The host galaxies of the radio-loud AGN have properties similar to those of ordinary galaxies of the same mass, with a tendency for radio-loud AGN to be found in larger galaxies and in richer environments. The host galaxies of radio-loud AGN with emission lines match those of their radio-quiet counterparts.
BH ; this scaling only begins to break down when the predicted radio-loud fraction exceeds 20-30%. There is no correlation between radio and emission line luminosities for the radio-loud AGN in the sample and the probability that a galaxy of given mass is radioloud is independent of whether it is optically classified as an AGN. The host galaxies of the radio-loud AGN have properties similar to those of ordinary galaxies of the same mass, with a tendency for radio-loud AGN to be found in larger galaxies and in richer environments. The host galaxies of radio-loud AGN with emission lines match those of their radio-quiet counterparts.
All of these findings support the conclusion that the optical AGN and low radio luminosity AGN phenomena are independent and are triggered by different physical mechanisms. Intriguingly, the dependence on black hole mass of the radio-loud AGN fraction mirrors that of the rate at which gas cools from the hot atmospheres of elliptical galaxies. It is speculated that gas cooling provides a natural explanation for the origin of the radio-loud AGN activity, and it is argued that AGN heating could plausibly balance the cooling of the gas over time.
INTRODUCTION
In recent years it has become apparent that active galactic nuclei (AGN) are not only interesting objects to study in their own right, but may also play an important role in the process of galaxy formation and evolution. One major development has been the detection of a central (generally dormant) massive black hole at the heart ⋆ Email: pnb@roe.ac.uk of essentially all nearby galaxies. Further, the mass of these black holes is tightly correlated with that of the stellar bulge component of their host galaxies, as estimated from the velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000) , the absolute magnitude of the bulge (Kormendy & Richstone 1995; Magorrian et al. 1998) or using virial methods (Marconi & Hunt 2003) . This correlation indicates that the build-up of a galaxy and that of its central black hole are fundamentally linked. Theoretical interpretations of this favour models in which the host galaxy and its central black c 2004 RAS hole grow simultaneously up until the point when either all of the gas has been consumed (e.g. Archibald et al. 2002) or the central AGN has reached sufficient luminosity that its winds are able to drive the remaining gas out of the galaxy, thereby terminating both star formation and black hole growth (Silk & Rees 1998; Fabian 1999; King 2003) .
Highly luminous AGN were considerably more common in the early Universe than they are today; their co-moving space density has fallen by about a factor of 1000 since redshifts 2-3 (e.g. Hartwick & Schade 1990) . Nevertheless, much can still be learned about AGN through studies of their host galaxies in the nearby Universe. In particular, the new large galaxy redshift surveys, especially the 2-degree Field Galaxy Redshift Survey (2dFGRS; Colless et al. 2001 ) and the Sloan Digital Sky Survey (SDSS; York et al. 2000; Stoughton et al. 2002) allow the definition of sufficiently large samples of nearby AGN to enable comprehensive statistical analyses of their host galaxy properties to be carried out. Kauffmann et al. (2003a;  hereafter K03) constructed a sample of 22,623 optically-selected narrow-line AGN from the first data release (DR1) of the SDSS main spectroscopic catalogue. They investigated in detail various properties of the host galaxies of these AGN, such as their stellar masses, sizes, surface mass densities, mean stellar ages, and past star formation histories (see Kauffmann et al. 2003b ,c for a description of how these properties were derived). They found that optically-selected AGN reside almost exclusively in massive galaxies, with the fraction of AGN decreasing rapidly below a stellar mass of 10 10 M⊙. The structural properties of the AGN, such as their sizes and stellar mass densities, were found to be statistically indistinguishable from those of normal early-type galaxies of the same mass. For low emission-line luminosity AGN, which are predominately Low-Ionisation Nuclear Emission-line Region (LINER) type galaxies, this was also true of their stellar populations. The higher emission line luminosity AGN (L [OIII] 5007 ∼ > 10 7 L⊙; these are predominantly Seyferts), however, were found to have lower 4000Å break strengths [hereafter Dn(4000)], implying on-going star formation, and to exhibit evidence of galaxy-wide bursts of star formation in the recent past. Indeed, these high emission line luminosity AGN occupy a region of the stellar mass (M * ) versus Dn(4000) plane which is poorly populated by ordinary galaxies. K03 concluded that emission line AGN and starburst activity are tightly related phenomena (cf. Sanders et al. 1988) . They argued that this may have a straightforward interpretation since powerful AGN require two key ingredients: a massive black hole and a supply of gas to fuel it. Massive black holes are only found in galaxies with massive bulges, and where there is an ample supply of gas it is not unreasonable to suppose that there will also be on-going star formation.
One issue that needs to be considered, however, is that in the K03 study the AGN were optically selected by their emission line properties, using the [OIII] 5007 / Hβ versus [NII] 6583 / Hα emission line ratio diagnostic diagram (Baldwin et al. 1981) to separate out the AGN from those galaxies where the emission lines are associated with star formation. As such, only galaxies in which all four of these emission lines are detected can be classified as AGN, meaning that the sample is naturally biased in favour of AGN with bright emission lines. Given the importance of understanding the physical nature of the AGN phenomenon, it is clearly necessary to test the robustness of the emission-line selection technique and determine whether emission-line selection influences conclusions about the nature of AGN host galaxies, the growth of black holes and their associated energetic output.
Radio-loud AGN are generally hosted by giant elliptical galaxies (e.g. Matthews, Morgan, & Schmidt 1964) . The most powerful radio sources (the 'classical doubles', known as Fanaroff & Riley [1974] Class II sources, or FR IIs) usually have strong line emission, which is roughly proportional to their radio luminosity (e.g. Rawlings et al. 1989 ). However, it has long been known that a subset of FR IIs have only very weak or no emission lines (Hine & Longair 1979) , as do most of the lower radio luminosity FR Is ('edge-darkened' radio sources, whose jets decelerate significantly and flare out in the inner kiloparsec probably due to entrainment of material). Sadler et al. (2002) defined a sample of radio-loud AGN within the 2dFGRS and found that of order half of them (the exact fraction depends upon the quality of the spectra) have absorption line spectra similar to those of inactive giant elliptical galaxies, and would be mostly missed by emission-line selection. There remains much debate as to whether weak-lined FR Is and the possibly related weak-emission lined FR IIs have a different accretion mechanism to their more powerful counterparts (see Cao & Rawlings 2004 and references therein). The interstellar medium of these galaxies is hot and diffuse, in contrast to the cold dense interstellar medium of the strong emission line AGN, which may imply a difference in the way in which the black hole is fueled and ionising radiation is produced. Despite their low emission line luminosities, FR I radio sources can still provide a very important energetic output into their environment, through the expansion of their radio lobes. This process can lead to very efficient coupling of the jet kinetic energy output of the radio sources with the interstellar or intergalactic medium. This has been observed through the detection of buoyant gas bubbles (e.g. Böhringer et al. 1993) and energy-dispersing sound waves in clusters of galaxies (Fabian et al. 2003) . Fabian et al. argued that the heating effects of the weak shocks and sound waves associated with the radio source AGN activity may work to balance the effects of gas cooling within the central regions of clusters, and thus explain why signatures of cooler gas are not observed.
The important new insights into the nature of the emissionline AGN population provided by the superb statistics in the SDSS provide encouragement that similarly important insights will emerge from an analysis of the SDSS population of radio-loud AGN. The goal of the current paper is to investigate this, by studying the sample of 2215 radio-loud AGN that were defined in the accompanying paper (Best et al. 2005 ; hereafter Paper I). The radioloud AGN host galaxies are compared with those of both optically selected AGN and inactive galaxies † , in order to investigate the nature of AGN in the nearby Universe, to cross-compare different AGN selection methods, and to investigate the origin of radio loudness.
The layout of the paper is as follows. In Section 2 a brief description is provided of the three surveys from which the radio-loud AGN is defined; the SDSS, the National Radio Astronomy Observatory (NRAO) Very Large Array (VLA) Sky Survey (NVSS; Condon et al. 1998 ) and the Faint Images of the Radio Sky at Twenty centimetres (FIRST) survey (Becker et al. 1995) . The reader is referred to Paper I for a full description of the sample definition process. Section 3 then studies how the radio and optical AGN fractions depend upon the mass of the host galaxy. The inter-relation of radio and optical activity is investigated in Section 4. Section 5 discusses briefly how galaxy environments differ between radioloud AGN with and without emission lines. Section 6 then compares the properties of the host galaxies of the radio-loud AGN with those of inactive galaxies. The results are discussed and conclusions drawn in Section 7; in particular, the mass dependence of the AGN activity is compared to the gas cooling rate and to the balance between cooling and AGN heating. Throughout the paper, the values adopted for the cosmological parameters are Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s −1 Mpc −1 .
THE RADIO-LOUD AGN SAMPLE
The basis sample for this study is a sample of galaxies described by Brinchmann et al. (2004) , which was drawn from the 'main galaxy catalogue' of the second data release (DR2) of the Sloan Digital Sky Survey (York et al. 2000; Stoughton et al. 2002, and references therein) . This consists of about 212,000 galaxies with magnitudes 14.5 < r < 17.77, for which spectroscopic redshifts have been determined. As described by Brinchmann et al. (2004) , many properties of these galaxies have been parameterised from the imaging and spectroscopic data, with catalogues of parameters available on the web (see http://www.mpa-garching.mpg.de/SDSS/). Measured parameters include: galaxy sizes, concentration indices, 4000Å break strengths, Hδ absorption measurements (Kauffmann et al. 2003b; Kauffmann et al. 2003c) ; accurate emission line fluxes, after subtraction of the modelled stellar continuum (K03, Tremonti et al. in preparation) ; parameters measuring optical AGN activity, such as emission line ratios, and galaxy velocity dispersions (hence black hole mass estimates; K03, Heckman et al. 2004 ). Derived parameters include total stellar masses, stellar surface mass densities, mass-to-light ratios, dust attenuation measurements, star formation rates ), and gas-phase metallicities ). These parameters have been adopted for the analyses of this paper: the reader is referred to the papers referenced above for detailed information about the methods used to derive them. The NVSS (Condon et al. 1998 ) and FIRST (Becker et al. 1995) radio surveys have both been carried out in recent years using the VLA radio synthesis telescope at a frequency of 1.4 GHz, but at differing angular resolutions. The NVSS covers the entirety of the sky north of −40
• declination, at an angular resolution of 45 arcseconds, down to a limiting point source flux density of about 2.5 mJy. It is therefore sensitive to extended radio emission, but its angular resolution is a little poor for reliable cross-identification of the sources with their optical counterparts. The FIRST observations cover a sky area designed to largely overlap with that of the SDSS, down to a limiting flux density of about 1 mJy for point sources. These have a much higher angular resolution of ∼ 5 arcsec, allowing reliable cross-comparison of point sources, but meaning that extended sources are often resolved into multiple components, and some (or even all) of the flux density may be resolved out.
The FIRST and NVSS radio surveys are highly complementary for identifying radio sources associated with nearby galaxies. In Paper I an algorithm was developed to identify radio sources within the SDSS spectroscopic sample using a hybrid method, which optimised the advantages of the two individual surveys whilst avoiding most of the completeness and reliability problems associated with the use of either survey individually. In this way it was possible to derive a sample of 2712 radio-loud galaxies to a 1.4 GHz flux density limit of 5 mJy, with the sample having a completeness of approximately 95% and a reliability of 98.9%. The location of these radio-loud galaxies in the plane of 4000Å break strength versus radio luminosity per unit stellar mass was then used to separate this sample into the radio-loud AGN (2215 galaxies) and the star-forming galaxies (497).
In the current paper, many analyses of host galaxy properties are restricted to the subset of 420 radio-loud AGN from that sample with redshifts z ≤ 0.1. This is for two reasons. First, for the sample flux-density limit of 5 mJy, z = 0.1 corresponds to a radio luminosity limit of about 10 23 W Hz −1 which represents the majority of the radio-loud AGN population. Second, at higher redshifts the fraction of galaxies with detectable emission lines declines sharply, both because of the increased distance and because the 3-arcsec diameter fibre aperture includes a larger background of starlight from the host galaxy, so there is declining sensitivity to weak nuclear emission lines (only [OIII] luminosities brighter than ∼ 10 5.8 L⊙ can be detected at z = 0.1). For analyses in which emission line measurements are not required and it is straightforward to account for the redshift dependence of the radio luminosity limit, the entire sample of radio-loud AGN is retained in order to provide improved statistics.
A final issue worth noting is that, as discussed in Paper 1 and by K03, the use of the SDSS main galaxy sample as the basis sample means that objects classified as 'quasars' by the automated SDSS classification pipeline (Schlegel et al. in preparation) are excluded, even if they lie in the redshift range under study. The exclusion of these objects is necessary since the presence of direct light from the active nucleus prohibits the host galaxy parameters discussed above from being accurately determined. In orientationbased unification schemes for AGN (e.g. Antonucci 1993 and references therein) , however, such AGN (Type-I's) are the same as the (Type-II) AGN under study, but simply viewed at a different angle to the line of sight. If such unification schemes are correct then the only effect of restricting study to Type-II objects is that all AGN fractions derived should be scaled upwards by a small factor. The size of this scale factor depends upon the relative numbers of AGN included and excluded from the analysis.
For the low-luminosity AGN under study here, Type-II AGN greatly outnumber Type-I AGN (although this changes at higher luminosities, suggesting a luminosity-dependent torus opening angle, e.g. Hao et al. 2005 , Simpson 2005 . Further, at these low luminosities many Type-I AGN are pipeline classified as 'galaxies' rather than 'quasars' anyway, since the host galaxy greatly outshines the weak AGN. These objects therefore remain included in our sample (cf. K03, who estimate that 8% of AGN in the main galaxy sample have broad emission lines, and therefore are strictly Type-Is); only those classified as quasars are excluded. In the redshift range 0.03 ≤ z ≤ 0.10, in which most of the analyses of this paper are carried out, a search of the SDSS DR2 database reveals only 393 objects classified as quasars. This compares to 16661 objects classified as emission-line AGN by K03 in the same redshift range. Even allowing for some Type-I AGN being excluded from spectroscopic study, e.g. because the nuclear emission brightens them out of the target magnitude range, only a few percent of all AGN are excluded by the removal of the 'quasar' objects. The correlations discovered in this paper are far too strong to be affected by any such changes, and therefore the exclusion of some Type-I AGN has no effect upon the results of this paper.
MASS DEPENDENCE OF AGN ACTIVITY
The SDSS data allow estimates to be made of both the stellar mass and the black hole mass of the galaxies. The stellar mass is derived from the extinction-corrected optical luminosity by using a massto-light ratio that is estimated using the 4000Å break strength and the Hδ absorption index (Kauffmann et al. 2003b) . Black hole mass (MBH) is a more fundamental parameter for AGN since it probes the central engine directly. The black hole mass can be estimated using the velocity dispersion (σ * ) of the galaxy and the relation between velocity dispersion and black hole mass given in Tremaine et al. (2002) : log(MBH/M⊙) = 8.13 + 4.02log(σ * /200km s −1 ) ‡ . In general, however, black hole masses are more poorly determined than stellar masses. There are a number of reasons for this: (i) the velocity dispersion measurements have bigger errors than the magnitude measurements; (ii) for disk-dominated galaxies, the velocity dispersion measured within the fibre does not provide an accurate measure of black hole mass; (iii) perhaps most importantly, there is significant scatter in the black hole mass versus velocity dispersion relation. This means that for individual objects, the black hole mass estimate may be wrong by a factor of a few. In this paper, analyses are therefore carried out using either stellar mass or black hole mass or both, as is most appropriate for the property under study.
Before beginning the analysis, it is worth noting that at a fixed stellar mass, radio-loud AGN are biased towards larger bulges and larger black holes. This is demonstrated in Figure 1 . The top panel shows the mean black hole to stellar mass ratio as a function of stellar mass for radio-loud AGN, emission-line selected AGN and inactive galaxies. The radio-loud AGN have larger mean black hole masses at a given stellar mass than inactive galaxies (while for emission-line selected AGN the opposite is true). The stellar surface mass density (µ * ) of a galaxy can be used to as a guide to its morphology; as shown by Kauffmann et al. (2003b) , the value µ * ∼ 3 × 10 8 M⊙kpc −2 marks the point where the galaxy population undergoes a transition from disk-dominated to bulgedominated galaxies. The middle panel of Figure 1 shows that the difference between the mean black hole mass to stellar mass ratio of radio-loud AGN and that of inactive galaxies decreases for galaxies with higher mass surface densities. This indicates that radio-loud AGN have more massive black holes (at given stellar mass) because they are in galaxies with larger bulge-to-disk ratios. Indeed the bottom panel shows the black hole mass versus stellar mass distribution of the radio-loud AGN; the plotted line is the relation between bulge mass and black hole mass derived by Häring & Rix (2004) . Particularly at the higher masses, the radio-loud AGN are distributed around this relation, indicating that essentially all of their stellar mass is associated with a bulge.
Radio-loud AGN fractions
It has long been known that radio-loud AGN are preferentially hosted by massive elliptical galaxies. The SDSS data allow this mass dependence to be investigated in detail.
The top-left panel of Figure 2 shows the fraction of galaxies with redshifts 0.03 < z < 0.1 that are classified as radioloud AGN (with 1.4 GHz radio luminosity above 10 23 W Hz −1 ), ‡ This relation is used for consistency with the emission-line AGN studies.
Adoption of a different black hole mass versus velocity dispersion relation, such as that of Ferrarese & Ford (2004) , simply requires a straightforward re-scaling of the black hole masses. Top: the mean black hole to stellar mass ratio as a function of stellar mass, for radio-loud AGN, optical (emission-line selected) AGN, and inactive galaxies. Middle: the mean difference between the black hole to stellar mass ratio of the radio-loud AGN to that of the inactive galaxies, considering only those galaxies with surface mass densities above a given value. This demonstrates that by removing late-type (low surface mass density) galaxies from the analysis, the difference between the radio-loud AGN and the inactive galaxies largely disappears. Thus, the higher black hole masses of the radio-loud AGN arise because these generally lie in galaxies with larger bulge-to-disk ratios. Bottom: The black hole mass versus stellar mass distribution of the radio-loud AGN, compared to the relation between bulge mass and black hole mass derived by Häring & Rix (2004) :
12 . Essentially all of the stellar mass of radio-loud AGN is associated with a bulge. Top: the fraction of galaxies which are radio-loud AGN, as a function of stellar mass (left) and black hole mass (right), for different cuts in radio luminosity. Bottom: the equivalent plots for optical emission-line selected AGN. The radio-loud AGN fraction is a remarkably strong function of stellar or black hole mass, whilst the optical AGN fraction is largely independent of black hole mass.
as a function of the stellar mass of the galaxy. The fraction rises from 0.01% of galaxies with stellar mass 3 × 10 10 M⊙ up to over 30% of galaxies more massive than 5 × 10 11 M⊙, roughly along a relation f radio−loud ∝ M 2.5 * . Also included on this plot are the radio-loud AGN fractions for radio luminosity cut-offs of 10 24 and 10 25 W Hz −1 . It is notable that all have the same power-law dependence on stellar mass.
The top right panel of Figure 2 shows the radio-loud AGN fraction as a function of black hole mass. This plot is restricted to bulge-dominated galaxies with surface mass densities above 10 8.5 M⊙kpc −2 , in order to restrict the sample to galaxies for which the black hole mass can be reliably determined from the velocity dispersion (note that the results are not very much affected if this condition is removed). Once again, a strong trend with mass is seen, but the slope of the relation is shallower: f radio−loud ∝ M 1.6 BH . Some of this reduction in slope (and in particular the flattening at the highest black hole masses) may be due to the errors in the black hole mass estimates, spreading the sources along the x-axis. A more important effect is that a large fraction of lower mass galaxies (M * ∼ < 10 11 M⊙) are disk dominated and so possess only small black holes. These galaxies host fewer radio-loud AGN and as a result f radio−loud will have a steeper dependence on stellar mass than on black hole mass.
It is important to consider whether the strong mass dependence in Figure 2 is simply the result of more massive galaxies having more powerful central engines which may naturally have more luminous radio emission. Figure 3 shows f radio−loud as a function of stellar mass, where f radio−loud is now defined to include galaxies brighter than a fixed limit in LNVSS/M * . For bulge-dominated galaxies, this is equivalent to defining a galaxy as radio-loud if it is radiating above some fixed fraction of the Eddington limit. The strong mass dependence remains. The same result is found if black hole mass rather than stellar mass is used.
In order to ensure that neither aperture nor luminosity selection effects are influencing the observed results, these studies (and those in later sections of the paper) have also been repeated using only those galaxies within fixed narrow ranges in redshift (e.g. 0.06 < z < 0.07). The same results are obtained (albeit somewhat noisier), indicating that redshift effects are not a problem.
Optical AGN fractions
In Figure 1 , the emission-line selected AGN have lower black hole masses on average than radio-loud AGN of the same stellar mass. This means that these AGN are not preferentially located in bulgedominated galaxies. Indeed, their black hole masses even appear to be lower than those of inactive galaxies, suggesting that optical AGN are found preferentially in galaxies with substantial disk components.
The dependence of the emission-line selected AGN fraction The fraction of galaxies, as a function of stellar mass, that are radio loud AGN, where radio-loud is defined in terms of being above a given radio luminosity per unit stellar mass (for bulge-dominated galaxies, this means above a fixed fraction of the Eddington luminosity). The strong mass dependence remains.
upon mass is also strikingly different to that of the radio-loud AGN. The lower panels of Figure 2 show this for different cuts in (extinction-corrected) [OIII] 5007 line luminosity. As for the radio-loud AGN fractions, the analysis is limited to galaxies with redshifts 0.03 < z < 0.10 for the two brighter luminosity cuts; for the faintest cut the upper redshift limit is reduced to 0.08 in order to retain completeness in the sample. Optical AGN are preferentially found in galaxies of high stellar mass, with the proportion of galaxies hosting AGN with L [OIII] > 10 5.5 L⊙ increasing strongly up to stellar masses of 10 10.5 M⊙ and remaining roughly constant above this value (cf. K03). This variation can be largely explained by the fact that the fraction of disk-dominated galaxies (with only very low mass black holes) increases at low stellar masses: when plotted against black hole mass instead of stellar mass, the emission line AGN fraction shows much less variation.
At higher [OIII] luminosities (L [OIII] > 10 7.5 L⊙), the AGN fraction falls at the highest masses. These results have been discussed in detail in K03 and Heckman et al. (2004) and reflect the fact that both the presence of a black hole and sufficient gas content are necessary to achieve high emission line luminosities in optically-selected AGN. Although massive galaxies host the biggest black holes, they generally have old stellar populations and very little gas. As a result they do not usually host powerful emission-line AGN at the present day.
Radio selection of AGN picks out the most massive galaxies with the biggest black holes, and it is clear that this is a very different population of objects to that determined by emission-line selection. The relation between radio and optical activity is investigated in detail in Section 4.
The bivariate radio luminosity -mass function
Determination of the bivariate radio-optical luminosity function was first carried out by Auriemma et al. (1977) , and investigations using improved samples were carried out by Sadler et al. (1989) and by Ledlow & Owen (1996) . These authors were able to show that the probability of a galaxy being radio-loud is a strong function of its optical luminosity. The Sadler et al. and Ledlow & Owen studies also argued that the location of the break in the radio luminosity function scaled with optical luminosity. The uncertainties on these bivariate luminosity functions were large, owing to the small sizes of the samples available for study. These studies can now be improved using the much larger SDSS radio source sample; in addition, the SDSS data allow a comparison with stellar mass or black hole mass instead of optical luminosity. Figure 4 shows the integral bivariate radio luminosity versus mass functions derived for the SDSS sample. The top panel shows the fraction of galaxies which are radio-loud AGN brighter than a given radio luminosity, as a function of radio luminosity. Results have been plotted for six bins in stellar masses. The middle panel shows the equivalent relations for six bins in black hole mass. The most striking feature of these figures is the dramatic decrease in the fraction of radio-loud AGN with decreasing stellar or black hole mass, as discussed above. Another remarkable feature is that for both stellar and black hole mass the shape of the functions are very similar for all mass ranges (except for the highest mass bins, discussed below). This is illustrated in the bottom panel of Figure 4 , where the integral bivariate radio luminosity functions for black hole mass have been scaled by M
1.6
BH to remove the mass dependence. The scaled data agree very well, and there is no evidence for any dependence of the break luminosity on black hole mass. These results indicate that the earlier suggestions of Sadler et al. (1989) and Ledlow & Owen (1996) of a dependence of the break radio luminosity on the optical luminosity of the host galaxy were either artefacts of the small sample sizes or differences resulting from the use of optical luminosity instead of black hole mass.
Ledlow & Owen found evidence for a flattening of the faint end slope of the radio luminosity function with increasing optical luminosity of the host galaxy. These results are not supported by the current data except at the highest stellar and black hole masses (M * ∼ > 10 11.5 M⊙, MBH ∼ > 10 9 M⊙) where there is evidence for shallower slopes. It is likely that the Ledlow & Owen result was entirely driven by these highest mass sources. The precise physical explanation of the flattening of the faint-end slope at the highest masses is not yet known, but what is clear is that a turn-over would have to occur at some mass, otherwise the radio-loud fraction would exceed 100%.
In summary, Figure 4 demonstrates that the probability of a galaxy becoming a radio source is a very strong function of its mass. Except at the very highest masses, however, the luminosity of the radio source that results is independent of mass. The bottom panel of Figure 4 shows that this luminosity dependence can be well fitted by a broken power law model such that overall the fraction of sources that are radio loud AGN brighter than some luminosity L is given by:
for which the best-fit parameter values are as follows:
This equation holds well for all probabilities f radio−loud ∼ < 0.25, but breaks down at higher values of f radio−loud , possibly reflecting a ceiling at the ∼ 30% level.
A similar relation can be derived as a function of stellar , as a function of radio luminosity, for the SDSS radioloud AGN in the redshift range 0.03 ≤ z ≤ 0.10. There is no evidence for any correlation between the two. The dotted line shows an extrapolation of the correlation found between these two parameters for high power (FR II) radio galaxies (e.g. Rawlings & Saunders 1991 , McCarthy 1993 .
mass (in units of 10 11 M⊙), and provides best-fit values of f0 = 0.0055±0.0004, α = 2.5±0.2, β = 0.35±0.03, γ = 1.54±0.11 and L * = (2.5 ± 0.4) × 10 24 W Hz −1 .
INDEPENDENCE OF RADIO AND OPTICAL AGN ACTIVITY
In Paper I it was shown that some radio-loud AGN are classified as optical AGN based upon their emission line properties, whilst others are optically inactive. It was also shown that out to redshifts z ∼ 0.1 the relative numbers of radio-loud AGN which are or are not classified as emission line AGN are roughly similar: of the 420 radio-loud AGN in the redshift range 0.03 ≤ z ≤ 0.10, 227 are classified as optical AGN based upon their emission lines and 193 classified as optically inactive § . At higher redshifts the proportion of emission line AGN decreases rapidly, because weak nuclear emission lines become increasingly more difficult to detect. In this section, the relationship between the radio and emission line activity is investigated. It is well-known that for very powerful radio sources, emission line and radio luminosity are well-correlated (e.g. Rawlings & Saunders 1991 , McCarthy 1993 . However, the SDSS radio sources are less powerful than these, and have shown that emission line luminosity depends much less strongly upon radio luminosity at these lower radio luminosities. Figure 5 shows the median extinction-corrected [OIII] 5007 emission line luminosity as a function of radio luminosity (corrected for the contribution due to star formation, as described in Paper I) for the SDSS radio-loud AGN in the redshift range 0.03 ≤ z ≤ 0.10: no correlation at § In fact, just over half of the 'inactive' galaxies do have marginal
[OIII] 5007 detections, but are not classified as emission-line AGN because that classification requires all four emission lines in the emission line diagnostic diagram to be detected with S/N > 3 (cf. K03; Paper I). Figure 6. The fraction of galaxies, with masses in the narrow range 10 11 < M/M ⊙ < 10 11.5 , whose [OIII] 5007 emission line luminosity is brighter than a given luminosity, as a function of that luminosity. This is shown for four different samples of galaxies: the solid lines show the result for all of the galaxies not classified as radio-loud AGN, and the dotted, dashed, and dot-dashed lines show radio-loud AGN for three different ranges in radio luminosity. At low [OIII] 5007 luminosities each line splits into two: these two lines represent the uncertainty on the distribution caused by the presence of galaxies with upper-limits on their [OIII] 5007 luminosity: the lower line of each pair indicates the distribution if all of the undetected galaxies have zero emission line luminosity, and the upper line represents the case where each undetected galaxy has an emission line luminosity equal to the upper limit. There is no statistically significant difference between any of the four curves.
all is seen between the two quantities out to a 1.4 GHz radio luminosity of 10 25 W Hz −1 (the highest luminosity available in this redshift range). This is consistent with the previous results, and indeed the turn-up in the last bin may be related to the onset of the correlation found at higher radio luminosities. It is interesting that the radio luminosity at which the transition in emission-line properties properties occurs is similar to that where the transition from low luminosity FR Is to the more powerful FR IIs takes place (cf. Baum et al. 1995 , Wills et al. 2004 , and is also close to the break in the radio luminosity function. Figure 6 investigates this result in more detail, comparing the distribution of [OIII] 5007 emission line luminosities for samples of radio-loud AGN in three different ranges of radio luminosity with a 'control' sample of galaxies that are not detected in the radio. The analysis is restricted to galaxies with stellar masses in the range 10 11 < M/M⊙ < 10 11.5 ; a narrow mass range is adopted to avoid biases associated with the strong increase in the fraction of radio galaxies as a function of stellar mass. The samples are also restricted to early-type galaxies with surface mass densities above 10 8.5 M⊙kpc −2 (this additional criterion does not remove any AGN and only excludes 1.5% of the galaxies in the control sample, so has negligible effect on the final result). A number of the galaxies only have upper limits to their [OIII] 5007 luminosities. These are accounted for by plotting two lines for each sample, representing the upper and lower bounds of the cumulative distribution (see figure caption for more details). It is apparent that there are no major differences between the samples of radio-loud AGN and the control sample. The ASURV survival analysis package (LaValley et al. 1992 ) was used to confirm this result. This calculates the probability that two samples are drawn from the same parent distribution according to 5 different survival analysis methods (which The upper-left panel shows the relations for those radio-loud AGN with NVSS radio luminosities brighter than 10 23 W Hz −1 . The near-identical nature of these relations indicates that radio-loud AGN activity is essentially independent of whether or not a source is optically classified as an AGN. The upper-right panel shows that the general form of the result is insensitive to increasing the radio luminosity limit to 10 24 W Hz −1 (although the specific fractions change), but the lower-left panel demonstrates that differences begin to be seen above 10 25 W Hz −1 . The lower-right panel demonstrates that the result is unchanged if the classification of optical AGN is restricted only to the most emission-line luminous.
take proper account of the upper limits), each based around a generalised Wilcoxon test. For each of the three radio luminosity bins, the mean probability of drawing the radio-loud AGN sample out of the same parent population as the control sample of radio-quiet galaxies was greater than 25%. This proves that, at least for galaxies with these stellar masses, the emission line luminosity is independent of radio luminosity.
It is important to ascertain whether this result holds for all stellar masses and radio luminosities. The upper-left panel of Figure 7 shows the fraction of galaxies that are radio-loud AGN, as a function of stellar mass, for two different galaxy subsamples. The solid line shows f radio−loud for those galaxies classified as AGN by their emission-line properties. The dashed line shows the same thing for optically inactive galaxies. It is remarkable that not only do these relations show broadly the same mass dependence, but also the values of f radio−loud for the two subsamples agree almost perfectly at the highest masses. At stellar masses greater than 10 11 M⊙, the probability that a galaxy is radio-loud is independent of whether it is classified as an emission-line AGN. This confirms that (low radio luminosity) radio and emission line AGN activity are two physically distinct and independent phenomena. At lower stellar masses the two lines appear to diverge, although a larger sample would be preferable to confirm that this result is statistically significant. If it is, it might indicate that at lower masses there is more overlap between the radio-loud and emission line AGN samples, possibly due to a population of radio-loud Seyferts galaxies where the production of jets and ionising radiation are linked (e.g. De Bruyn & Wilson 1978; Xu et al. 1999) .
The independence of radio and optical activity for high mass galaxies still holds if the radio luminosity limit is raised to 10 24 W Hz −1 (upper-right panel of Figure 7 ). Likewise the result remains unchanged if the comparison is restricted to optically powerful AGN, with emission line strengths above 10 7 L⊙ (lower-right panel of Figure 7 ). A small difference is seen if the radio luminosity limit is set as high as 10 25 W Hz −1 (lower-left panel of Figure 7) : the fraction of radio-loud AGN is then higher amongst optical AGN than amongst optically inactive galaxies. This is probably a consequence of the correlation between radio and emission line luminosities that sets in at high radio luminosities.
RADIO AND OPTICAL AGN ACTIVITY AS A FUNCTION OF ENVIRONMENT
Best (2004) studied the environmental dependence of radio-loud AGN activity in the 2dFGRS. The fraction of radio-loud AGN was The distribution of local environments of radio-loud AGN, emission-line selected AGN, and all galaxies, for galaxies with stellar masses M * > 10 10 M ⊙ . The N parameter represents the number of galaxies above a fixed absolute magnitude limit that lie within a 2 Mpc projected radius and within a velocity of ±500 km s −1 of the galaxy under study (cf. Kauffmann et al. 2004) . Bottom-left: The fraction of galaxies with masses between 10 11 and 5 × 10 11 M ⊙ which host emission-line selected AGN, as a function of local environmental density. Also shown are the distributions of the two sub-samples of this with extinction corrected [OIII] emission-line luminosities L < 10 7 L ⊙ and L > 10 7 L ⊙ (these points have each been offset slightly along the x-axis for clarity). The fraction of luminous emission line AGN falls dramatically with increasing environmental density, but that of low luminosity AGN show no environmental dependence (cf. Kauffmann et al. 2004) . Bottom-right: An equivalent plot of the environmental dependence of radio-loud AGN activity, as a function of emission-line luminosity. Except at the highest emission-line luminosities, the fraction of galaxies hosting radio-loud AGN increases towards richer environments.
found to be largely independent of local galaxy density (as evaluated by the distance to the tenth nearest neighbour), although a dependence was found on the larger scale cluster / group / field environment. Further, when the 2dFGRS radio-loud AGN population was separated into subsets of emission-line AGN and optically inactive AGN, it was apparent that the two classes had different environmental dependences. In particular, the fraction of galaxies hosting radio-loud AGN with no emission lines increased towards richer environments.
The SDSS sample allows a detailed investigation of these results. Kauffmann et al. (2004) estimated the local environmental density of SDSS galaxies by deriving the number of galaxies (N ) above a fixed absolute magnitude limit, within a 2 Mpc projected radius and a velocity of ±500 km s −1 of the galaxy under study. The top panel of Figure 8 shows the distribution of all galaxies, emission-line selected AGN, and radio-loud AGN brighter than 10 23 W Hz −1 , as a function of environmental parameter N . To devire these distributions each galaxy has been weighted by the inverse of the volume in which it could have been detected (see K03 for a full discussion of how these were derived), and analysis has been restricted to only galaxies with stellar mass above 10 10 M⊙, and redshift 0.03 < z < 0.1.
As found by Kauffmann et al. (2004) and also by Miller et al. (2003) , the distribution of environments of the emission-line selected AGN is similar to that of normal galaxies. Kauffmann et al. showed that the fraction of low emission-line luminosity AGN (LINERS) is essentially independent of local galaxy density, but that for high emission-line luminosity AGN (mostly Seyferts), the AGN fraction is found to fall in regions of high galaxy density. These results are clearly demonstrated in the lower-left panel of Figure 8 ; this shows, for galaxies in the narrow range of stellar masses 10 11 < M * /M⊙ < 5 × 10 11 , the overall fraction of emission-line AGN as a function of environmental density, together with the split of this into high and low [OIII] 5007 emis- sion line luminosity subsamples. There is only an environmental dependence for AGN with the highest emission line luminosities (L [OIII] > 10 7 L⊙). The radio-loud AGN in the top panel of Figure 8 clearly favour denser environments than normal galaxies, with a much longer tail towards the richest environments. The lower-right panel of Figure 8 shows that the radio-loud AGN fraction increases significantly as a function of environment. Once again, large differences are seen if the sample is split by [OIII] emission line luminosity: those radio-loud AGN with the strongest emission lines (L[OIII]> 10 7 L⊙) preferentially avoid the densest regions. This result indicates that environment, as well as black hole mass, may be an additional factor in determining whether a galaxy becomes a radio-loud AGN. A full investigation of environmental effects is beyond the scope of the current paper; a detailed study of these will be carried out in the third paper of this series (Kauffmann et al. 2005, in prep.) 
HOST GALAXY PROPERTIES OF RADIO-LOUD AGN
In earlier sections of this paper it was shown that there is a strong dependence of the radio-loud AGN fraction on the stellar or black hole mass of the galaxy. In addition, at a given stellar mass, radioloud AGN are biased towards galaxies with more massive bulges. In this Section, the host galaxies of radio-loud AGN are compared with those of emission-line selected AGN and inactive galaxies. The host galaxy properties that are considered are the 4000Å break strength Dn(4000), the concentration index C, defined as C = R90/R50 where R90 and R50 are the radii containing 90% and 50% of the r-band light of the galaxy, and the surface mass density µ * = M * /2πR 2 50 . The 4000Å break strength provides a measure of the mean stellar age of the galaxy (cf. K03) and the C and µ * parameters allow investigation of its structure. Analysis is restricted to galaxies with z < 0.1, in order that the host galaxy parameters can be reliably determined. Figure 9 compares the distribution of these parameters for all galaxies and for radio-loud AGN brighter than 10 23 W Hz −1 at 1.4 GHz. Radio-loud AGN typically have large 4000Å break strengths, high concentration indices, and moderate-to-high stellar surface mass densities. None of these is particularly surprising since all of these parameters are tightly correlated with stellar mass (e.g. Kauffmann et al. 2003b) . In order to remove this stellar mass dependence, Figure 10 shows the proportion of galaxies that are radio loud AGN as a function of both stellar and black hole mass, for three different bins of 4000Å break strength (top panels), concentration index (middle panels) and surface mass density (bottom panels).
At fixed stellar mass, f radio−loud is higher, at all stellar masses, for larger values of Dn(4000) and C. This is another manifestation of the effect shown in Figure 1 : at a given stellar mass, radio galaxies are preferentially located in galaxies with larger bulgeto-disk ratios, and these typically have older stellar populations and higher concentration indices. The dependence of f radio−loud on Dn(4000) and C is much weaker at fixed black hole mass (i.e. fixed velocity dispersion σ), which also supports this picture. Indeed, f radio−loud shows little dependence on either Dn(4000) or C in the upper two bins, and only differs for the (typically more disky) galaxies in the bins with Dn(4000) < 1.7 and C < 2.75. This may be related to the secondary dependence of f radio−loud on environment discussed in the previous section: radio-loud AGN are preferentially located in rich environments and galaxies in highdensity regions of the Universe tend to have older stellar populations and larger bulge-to-disk ratios.
The lower-right panel of Figure 10 indicates that at fixed black hole mass, f radio−loud is higher for galaxies with lower stellar surface mass densities. Large sizes (low µ * ), as well as extended envelopes (high C), appear to increase the probability of galaxies being radio-loud. Interestingly, these properties are typical of the central galaxies of groups and clusters, and it is well-known that the central galaxies of groups and clusters are frequently radio-loud AGN (e.g. Burns 1990 ). A higher radio-loud fraction for galaxies with this special location may therefore be an important factor in this result. However, given the relatively small number of such galaxies, it is not clear that this effect alone would be sufficient. An alternative possibility is that this is because if the radio lobes are confined by a dense medium then adiabatic expansion losses are reduced and consequently a radio source of given jet power is more radio luminous (cf. Barthel & Arnaud 1996, and references % of gals that are radio-loud AGN Figure 10 . As a function of stellar mass (left) or black hole mass (right), the thick solid line shows the proportion of galaxies which are radio-loud AGN (cf. Figure 2) , and the other three lines show the equivalent fractions for galaxies with a specific range of host galaxy properties Top: 4000Å break strength; Middle: concentration index; Bottom: stellar surface mass density. therein). For galaxies with lower µ * and higher C, the interstellar medium is spread over a larger physical radius (and may also be denser since, at least for spirals, galaxies with lower stellar surface mass densities are known to have have higher gas fractions; McGaugh & de Blok 1997) . This means that an expanding radio source will be located in a denser environment for a longer period of time, which may boost the average radio luminosities (and possibly the lifetimes) of the sources located in these systems. In order to account for a factor 2-3 difference in radio-loud AGN fraction between galaxies with µ * ∼ 10 8.75 and µ * ∼ 10 9.2 , radio lu-minosities would need to be higher in the lower surface density galaxies by a factor of 3-4, or lifetimes longer by a factor 2-3. Detailed modelling is required to confirm whether such factors could be achieved. Finally, it is interesting to note that in Section 4 it was demonstrated that radio and emission-line AGN activity are independent. It thus follows that radio-loud AGN with emission lines should be located in the same host galaxies as their radio-quiet counterparts. K03 found that emission-line AGN had similar structural parameters to inactive galaxies of the same stellar mass, but that the most optically luminous AGN had significantly lower 4000Å breaks. The dotted lines on Figure 9 show the contribution to the distribution of radio-loud AGN made by those that are also emission-line selected AGN. In both C and µ * these have very similar distributions to those of radio-loud AGN as a whole, but it is interesting to note that the long tail towards lower values of the Dn(4000) distribution is almost entirely composed of these emission-line AGN. The fraction of galaxies that are emission-line radio-loud AGN thus exhibits little dependence on µ * or C, but an increase towards lower Dn(4000), exactly as found by K03 for radio-quiet objects.
DISCUSSION AND CONCLUSIONS
The main results of this paper are as follows:
• The fraction of galaxies which host radio-loud AGN is a remarkably strong function of both stellar mass and black hole mass (as measured by the central stellar velocity dispersion). f radio−loud scales as M 2.5 * and M
1.6
BH . This is in sharp contrast to the behaviour of the emission-line AGN fraction, which is largely independent of black hole mass.
• The distribution of radio luminosities does not generally depend on black hole mass. The integral bivariate radio luminosity versus black hole mass function can be well approximated by a single function, with the fraction of galaxies which host radioloud AGN brighter than luminosity L scaling as f radio−loud = f0(MBH/10
−1 with parameter values of f0 = 0.0035 ± 0.0004, α = 1.6 ± 0.1, β = 0.37 ± 0.03, γ = 1.79 ± 0.14 and L * = (3.2 ± 0.5) × 10 24 W Hz −1 . This function only breaks down when f radio−loud approaches 20-30%.
• Within the range of radio luminosities studied in this paper, radio and emission-line AGN activity are independent of each other. At fixed high stellar masses, the probability that galaxy is a radioloud AGN is not sensitive to whether it classified as an emissionline AGN.
• At a fixed black hole mass, the host galaxies of radio-loud AGN are preferentially found in galaxies with higher concentration indices and lower surface mass densities, together with a possible weak trend to avoid the lowest 4000Å break strengths. Radio-loud AGN are also preferentially found within richer environments. It is possible that all of these results could be related to higher radio luminosities that result when the radio lobes are confined by denser gas.
A number of these results are broadly in line with what might have been expected, but others deserve some consideration.
Independence of radio and emission line AGN activity
The current study indicates that radio and emission line AGN activity are entirely independent at the radio luminosities studied; at higher radio luminosities it is well-known that radio and emission line luminosity are strongly correlated. It is probably a coincidence that the correlation begins exactly where the current data runs out of sources. However, it is interesting to note that at about this radio luminosity, L1.4GHz ≈ 10 25 W Hz −1 , a fundamental transition occurs in the properties of radio sources. Above this radio luminosity most sources are FR II radio sources, whilst below that luminosity most are FR Is. This luminosity also corresponds roughly to the break (L * ) in the radio luminosity function.
The reason for the difference in radio properties between FR I and FR II sources is still a matter of much debate. One popular interpretation is that it may be due to qualitative differences in the properties of the central black hole, such as the accretion rate, accretion mode, or black-hole spin (e.g. Baum, Zirbel & O'Dea 1995) . Alternatively, interactions with the host galaxy interstellar medium may be the dominant effect, such that for any given host galaxy only radio jets above a certain luminosity would be able to bore their way out through the interstellar medium without disruption (see Snellen & Best 2001 for a full discussion of the FR I-FR II dichotomy). Whatever the origin of this difference, the results of this paper suggest that for FR I type radio sources which dominate the SDSS radio source sample there is almost no correlation between radio and emission line luminosity. This indicates that there is a major difference in the way that these radio sources give rise to their line emission as compared to the more powerful FR IIs (see also Baum et al. 1995 .
It is unfortunate that the SDSS radio source sample does not contain many powerful FR II sources. FR II radio sources typically have luminous high ionisation emission line regions, and it would be very interesting to see whether their host galaxy properties are similar to those of other emission-line selected AGN. Indications from earlier studies indicate that they may be: Smith & Heckman (1989) showed that about 50% of nearby powerful FR II galaxies show morphological disturbances from pure elliptical profiles, indicative of galaxy interactions or mergers, and their optical colours are typically bluer suggesting recent star formation.
Mass dependence of radio and emission line AGN activity
Another interesting result of this paper is the fact that radio and optical AGN appear to trace very different populations of galaxies. Radio galaxies are preferentially located in the oldest, most massive galaxies, whereas emission line AGN are more spread out in mass. Heckman et al. (2004) used the emission-line selected AGN to investigate the rate at which black holes are currently growing in galaxies of different masses. They determined how the (volume-weighted) integrated [OIII] 5007 line luminosity from all emission-line selected AGN is distributed across black hole mass, and compared this to how the total black hole mass is distributed. By taking the ratio of these two distributions, they showed that the average emission line luminosity output per unit black hole mass is highest at the lowest masses, and falls steeply towards high masses. The analysis of Heckman et al. (2004) is repeated in Figure 11 , demonstrating essentially the same results (there is a global shift in the normalisation of the lower panel, compared to Heckman et al., because of the use of extinction-corrected [OIII] luminosities in this paper instead of the directly measured values used by Heckman et al.) . Figure 11 also includes the equivalent plots for the distribution of integrated AGN radio luminosity across black hole mass (top panel), and the distribution of radio luminosity per unit black hole mass (lower panel). This clearly demonstrates that radio and emission-line luminosities are produced by black holes in very different mass ranges. [OIII] luminosity Radio luminosity Figure 11 . Top: the distribution, over black hole mass, of the volumeweighted total mass of all black holes (dashed line), the volume-weighted total [OIII] 5007 line luminosity from emission-line selected type-2 AGN (dotted line), and the volume-weighted total radio luminosity from radioloud AGN (solid line). Bottom: the ratio of the total volume-weighted [OIII] luminosity to the total volume-weighted mass in black holes (dashed line and left axis), as a function of black hole mass, compared to the equivalent distribution of total volume-weighted radio luminosity per total volumeweighted black hole mass (solid line and right axis).
By converting emission line luminosities into approximate accretion rates (see their paper for details), Heckman et al. (2004) showed that at their current accretion rates, black holes of ∼ 10 7 M⊙ would grow to their current size in about a Hubble time, but the most massive black holes must have grown substantially faster in the past. If indeed the emission line luminosity is a good tracer of the accretion rate, then the low emission line luminosities of the radio-loud galaxies suggest that their black holes are currently in a very low accretion rate mode.
A few caveats should be mentioned, however. The observed emission line luminosity depends upon the ionising output of the AGN and upon the covering factor of the emission line clouds. Giant elliptical galaxies have a very low gas content, and so they may have lower emission line luminosities than would be expected for their level of ionising radiation. This can explain why the fraction of high luminosity emission-line AGN falls for the most massive galaxies. An additional factor is that radio sources may be accreting in a different mode to emission-line selected AGN (e.g. in advection dominated accretion flows rather than a standard thin disk). They may thus have larger accretion rates than optical AGN of the same emission-line luminosity.
It is unlikely, however, that most radio loud AGN are accreting at substantial rates, because this would imply an unacceptable level of black hole mass growth in massive galaxies at the present day. The global mass-doubling time for the black hole population at a given mass can be written as t = Mavηc 2 /Lav, where Mav is the volume-averaged mass density in black holes, Lav is the volume average radio luminosity density, and η is an efficiency factor, given by L rad =Ṁ ηc 2 , for the conversion of accreted mass energy to radio luminosity. The factor η is thus the product of the efficiency of conversion of accretion mass energy into jet kinetic energy (ηacc), and the efficiency of conversion of this into radio luminosity (η rad ); Bicknell et al. (1995) estimate that for FR I radio sources, the total kinetic energy output of the radio jet is a factor of 100-1000 higher than the radio luminosity, and so η rad ∼ 10 −2 -10 −3 ; this number is also confirmed by the observations of Bîrzan et al. (2004) . Taking L rad to be νPν at 1.4 GHz, Figure 11 implies that the mass-doubling time associated with the radio-loud AGN activity is t ∼ 10 16 η years for black hole masses of ∼ 10 9 M⊙, and even longer for smaller black holes. The black hole growth (and hence accretion rate) is only significant if the doubling time is shorter than the Hubble time, ie. if η ∼ < 10 −6 ; even given the result of Bicknell et al. this would still require an accretion efficiency ηacc < 10 −3 . Note also that for a value of η ∼ < 10 −6 then the most powerful FR I sources, with L1.4GHz ∼ 10 25 W Hz −1 would have black hole growth rates of a few tens of solar masses per year (doubling times of a few ×10 7 years, corresponding roughly to Eddington limited accretion). This would require a substantial supply of gas and would be inconsistent with the hypothesis that the lack of observable emission lines was entirely due to the low gas content of the host galaxy.
The most likely interpretation is that these are giant elliptical galaxies with very massive black holes, which formed at early cosmic epoch and probably contributed to the peak in the quasar population at that time. Their current activity is associated with a very low accretion rate (albeit perhaps not as low as would be predicted by their emission line luminosities alone), which manifests itself in the form of low-power radio jets but rather little radiation at optical, ultraviolet and infrared wavelengths.
The proportion of massive galaxies that are found to be radioloud AGN has important implications for the lifecycle of powerful radio sources. The ages of FR II sources can be estimated either by using synchrotron age-dating of the radio lobes (e.g. Liu, Pooley & Riley 1992) or directly measured hotspot advance speeds (e.g. Owsianik, Conway & Polatidis 1998) , and these sources are believed to have lifetimes of typically a few 10 7 years. At the radio luminosities of these sources, L1.4GHz ∼ > 10 25 W Hz −1 , the proportion of the highest stellar or black hole mass galaxies which are radio loud is only a few percent, meaning that each source would need to be re-triggered only once every one-to-few Gyrs. This is quite consistent with a relatively high accretion rate during the active period, which would account for the strong line emission of FR II sources. For the lower radio luminosity FR I sources, and even more so for sources where the entirety of the radio emission arises from the nucleus, the lifetimes of the radio sources are not known at all. The fact that ∼ 30% of the most massive galaxies are active, however, implies that however long these lifetimes are, the activity must be constantly re-triggered so that the galaxy spends over a quarter of its time in an active state.
In conclusion, emission-line selection of AGN largely picks out a population which traces the current growth of black holes. This is dominated by black holes of low and intermediate mass.
Radio selection of AGN (at least at low radio luminosities) picks out the largely dormant population of the most massive black holes. These are two fundamentally different modes of black hole activity.
7.3 Origins of radio-loud AGN activity: gas cooling? Burns (1990) showed that central massive galaxies in clusters or groups of galaxies with a cooling flow are much more likely to be radio-loud AGN than galaxies of similar mass not centred on a cooling flow, suggesting that concentrated cooling atmospheres can stimulate radio-loud AGN activity. Elliptical galaxies are surrounded by atmospheres of hot gas (see the review by Mathews & Brighenti 2003 , and references therein) and it is intriguing that the rate at which gas cools out of these atmospheres has almost exactly the same dependence on black hole mass as has the radio-loud AGN fraction.
Consider a small region of gas, of proton density n, volume δV and temperature T . The mass cooling rate of this gas is proportional to the mass of the gas (δMgas = nmpδV , where mp is the proton mass), divided by the cooling time. The cooling time is given by the total energy of the gas (3nkT δV ) divided by the rate at which energy is radiated away; since much of the cooling occurs at X-ray wavelengths, the energy radiation rate is roughly proportional to the X-ray luminosity of that region (δLX ). Therefore, the mass cooling rate of gas within volume δV is given by:
Integrating over the entire envelope of the elliptical, if the atmosphere is isothermal then the total mass cooling rate is given byṀ cool ∝ LX /T , where LX is the total X-ray luminosity of the elliptical. For an isothermal gas then T ∝ σ 2 , where σ is the velocity dispersion. Also, for luminous ellipticals (which represent those in which radio sources are found) the X-ray luminosity is observed to vary as the square of the optical luminosity, LX ∝ L 2 opt (O'Sullivan et al. 2001; Mathews & Brighenti 2003) . The Faber-Jackson relation dictates that the optical luminosity goes as Lopt ∝ σ 4 , and therefore LX ∝ σ 8 . Note that Mahdavi & Geller (2001) have confirmed that elliptical galaxies do indeed show such a tight correlation between their X-ray luminosity and velocity dispersion (the exponent that they derive observationally from a 57-galaxy sample is 10 +4 −2 ). These relations, together with the black hole mass versus velocity dispersion relation, MBH ∝ σ 4 , give the following:
M cool ∝ LX /T ∝ σ 6 ∝ M
BH
This is within the range of the 1.6 ± 0.1 exponent derived for the radio-loud AGN fraction dependence on black hole mass, and suggests that for these low power radio sources the fueling of the AGN activity may be related to the cooling for gas out of the hot atmospheres of the host galaxies. In terms of numbers, for a 10 11 M⊙ elliptical the actual cooling rate implied by the above calculation is of order a solar mass per year (although observations suggest that the actual cooling rates are lower; see Mathews & Brighenti 2003 and references therein) . For the radiative accretion efficiency of η ∼ 10 −3 , corresponding to the ratio between radio luminosity and total jet kinetic energy suggested by Bicknell et al. (1995) , only 10 −3 M⊙yr −1 of gas is required to fuel the AGN, so cooling could easily provide enough gas.
The role of AGN feedback
There has been much interest recently in the question of whether the heating effect of AGN activity can balance the cooling of the gas, and thus whether AGN activity, particularly radio-loud AGN activity, can play an important feedback role. This has largely been motivated by the observed effects of radio-loud AGN on their environments at galaxy cluster scales (e.g. Fabian et al. 2003) , but may be equally important in the haloes of individual galaxies (cf. Mathews & Brighenti 2003) .
The rate at which energy is radiated from the hot atmosphere is proportional to the X-ray luminosity, which as shown above goes as LX ∝ σ 8 ∝ M 2 BH . If feedback is to work then the timeaveraged rate at which the AGN inputs energy back into its environment must balance that. This depends upon the fraction of time for which the AGN is active multiplied by the energy output of the AGN when it is active. If it is assumed that all galaxies of given black hole mass go through a radio-loud AGN phase, then the fraction of time for which an AGN is on is simply given by f radio−loud , which increases as M 1.6 BH . In this paper it has been shown that the radio luminosity of a radio-loud AGN is essentially independent of black hole mass. Thus, if radio luminosity were a direct measure of the energy output of an AGN, the time-averaged heating rate of AGN would go as M 1.6 BH . In fact, radio luminosity is not a direct measure of the kinetic energy input into the radio jets, since numerous other environmental factors play a role. A robust calculation of the energy input rate of the AGN is not possible, due to a lack of knowledge of the lifetimes and radiative efficiencies of FR I type sources. However, using the FR II sources as a basis, the argument below demonstrates that the time-averaged heating may well go as a higher power of black hole mass, and thus that a balance between AGN heating and gas cooling in these radio-loud AGN is feasible.
For FR II radio sources, models of the growth of the radio sources (e.g. Kaiser et al. 1997a,b; Snellen et al. 2000) show that for a fixed jet kinetic energy input, once the source has expanded beyond the central core of the galaxy (∼ 1 kpc; this happens on a timescale of ∼ 10 5 years) then the radio luminosity falls as the source expands into a progressively lower density environment. For most reasonable assumptions, the radio luminosity is expected to fall roughly as the size of the source (D) to a power between −0.4 and −0.5. For a radial density distribution of ρ ∝ r −β , show that the size of the source grows with time as D ∝ t 3/(5−β) , and argue that β has a value of a little below 2. Therefore, the radio luminosity of FR II sources falls off with age roughly as t −0.4 , so for a given radio source the observed radio luminosity needs to be multiplied up by a factor of age 0.4 in order to derive the intrinsic jet power, and hence the energy output of the AGN. The fraction of radio-loud AGN is higher in galaxies with more massive central black holes, and (again assuming that all galaxies of given black hole mass go through a radio-loud AGN phase) this could either be because the AGN in these galaxies are re-triggered more often, or because when they are triggered they live longer; the current data cannot distinguish between these two possibilities. If this is entirely due to longer lifetimes, then the average age of the radio sources observed will be proportional to their lifetime, which in turn will be proportional to the fraction of time that a black hole of that mass is active, ie age ∝ M 1.6 BH . Therefore, for sources of a given radio luminosity, the energy output of the AGN will scale as age 0.4 ∝ M 0.6 BH . Multiplying this by the fraction of time for which the AGN is active, the energy output scales as M 2.2 BH . This is comparable to (or greater than) that required to counterbalance the gas cooling.
Many aspects of this calculation are uncertain; in particular, if the higher fraction of radio-loud AGN in more massive galaxies is due to more frequent re-triggering rather than longer lifetimes then the extra M 0.6 BH factor is lost. Also, it is not known whether the luminosity evolution of FR I sources with time follows that of the FR IIs, although for the extended sources a similar principal of decreasing luminosity as the source expands into lower densities is expected to apply. However this calculation does demonstrate that a balance between AGN heating and gas cooling in these radio-loud AGN is certainly possible.
A final intriguing observation is that if the radio-loud AGN fraction versus stellar mass and black hole mass relations are extrapolated upwards (noting that the flattening off at high masses in the latter relation is likely to be due to errors in the black hole mass estimates), then at a stellar mass of 10 12 M⊙ or a black hole mass of ∼ 3 × 10 9 M⊙ essentially 100% of galaxies would be radio loud. This means that any galaxy of such a mass must be radio-emitting at all times. Is it a co-incidence that these masses correspond roughly to the most massive galaxy and the most massive black hole that exist in the nearby Universe? Could the very presence of this continual radio source activity be the reason why galaxies do not grow any larger?
